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Experiments and numerical simulations are described that de-
velop quantitative understanding of atomic motion near the
surfaces of nanoscopic photonic crystal waveguides (PCWs). Ultra-
cold atoms are delivered from a moving optical lattice into the
PCW. Synchronous with the moving lattice, transmission spectra
for a guided-mode probe field are recorded as functions of lattice
transport time and frequency detuning of the probe beam. By way
of measurements such as these, we have been able to validate
quantitatively our numerical simulations, which are based upon
detailed understanding of atomic trajectories that pass around
and through nanoscopic regions of the PCW under the influ-
ence of optical and surface forces. The resolution for mapping
atomic motion is roughly 50 nm in space and 100 ns in time. By
introducing auxiliary guided-mode (GM) fields that provide spa-
tially varying AC Stark shifts, we have, to some degree, begun
to control atomic trajectories, such as to enhance the flux into
the central vacuum gap of the PCW at predetermined times and
with known AC Stark shifts. Applications of these capabilities
include enabling high fractional filling of optical trap sites within
PCWs, calibration of optical fields within PCWs, and utilization
of the time-dependent, optically dense atomic medium for novel
nonlinear optical experiments.
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The integration of ultracold atoms with nanophotonic devicesleads to strong atom–photon interactions that not only quan-
titatively advance quantum optics but also create qualitatively
new paradigms for atom–photon interactions (1–3). Owing to
small optical loss and tight confinement of the electromagnetic
field, nanoscale devices are capable of mediating long-range
atom–atom interactions by way of optical photons in the guided
modes (GMs) of the structures. In a complementary fashion,
long-range interactions between photons can be mediated by
underlying lattices of atoms in 1D and 2D dielectric struc-
tures (4–6). With advanced fabrication capabilities brought on
by nanophotonics, such physical processes provide novel pos-
sibilities for quantum communication, computation, networks,
and metrology, as well as for quantum phases of light and
matter (1–6).
Compared with the rapidly expanding theoretical literature,
to date experimental progress has been more modest in inte-
grating atoms and nanophotonics. Important laboratory systems
include optical nanofibers, where'103 atoms have been trapped
'220 nm from fiber surfaces (7–11). Dispersion-engineered pho-
tonic crystal cavities (12, 13) and waveguides (14, 15) have
achieved strong atom–photon coupling, albeit with only a few
atoms trapped '150 nm from dielectric surfaces. A grand chal-
lenge for this emerging field remains the laboratory attainment
of 1D and 2D atomic lattices with high filling fraction and strong
coupling of single atoms and photons within the GMs of the
nanophotonic structures.
For the photonic crystal waveguides (PCWs) considered
here, strong atom–field coupling requires devices designed for
atomic physics that provide both stable atom trapping and
large atom–photon coupling at the atom-trapping sites (1, 16).
In the optical domain, suitable PCWs have lattice constant
a ' 350 nm for dielectric constant ' 4. Single-atom localiza-
tion with optical traps inside vacuum voids of unit cells then
constrains far-off resonance traps [FORTs (17)] to volume
(∆x , ∆y , ∆z ) = (30, 100, 140) nm for energy of 100 µK, where
x is along the waveguide, y is along the 250-nm vacuum gap
direction, and z is perpendicular to the waveguide. Free-space
atoms must be transported to and cooled within these tiny
FORTs. Such transport, cooling, and trapping of atoms near
and within nanoscopic dielectric structures requires adaptations
of existing techniques from atomic physics (18–21), as well as
the invention of new protocols, such as hybrid vacuum–light
traps (1, 16).
Thereby motivated, in this article we describe various inves-
tigations aimed at developing better quantitative understanding
and new tools for the control of atomic motion under the influ-
ence of optical and surface forces near nanophotonic PCWs,
as illustrated in Fig. 1. An important goal of this research
is to formulate and validate in situ diagnostics that enable
atoms to be conveyed from free space into GM optical traps
within a PCW, ultimately with high fractional filling of each
lattice site.
More specifically, our system shown in Fig. 1 consists of a
quasi-1D PCW whose band structure arises from periodic mod-
ulation of the outer edges of two parallel dielectric beams with a
central vacuum gap, resulting in the so-called “alligator photonic
crystal waveguide” (“APCW”) (14, 15, 22). A moving optical
lattice transports trapped atoms into and through the APCW
with velocity vlattice = 0.51 m/s and temperature Tlattice' 20 µK.
Synchronous with the moving lattice, transmission spectra are
recorded as functions of lattice transport time and detuning of
weak GM probes. Due to the periodicity of the lattice delivery,
the recorded spectra can be offset in time by integer multi-
ples of the lattice period and coherently combined to create
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Fig. 1. (A) Atomic delivery to the APCW in our experiment is achieved
by creating an optical conveyor belt from a 1D free-space lattice. The
atoms, trapped in “pancakes” of high laser intensity, are transported to
the device at a speed vlattice and interact transiently with the APCW. The
atomic signature is read out through changes in the transmission of a weak,
near-resonant probe (Pin→ Pout) that is an electromagnetic mode of the
waveguide. (B) Depiction of atom trajectories showing the transient nature
of the atoms as they pass through and around and “crash” into the APCW.
The bright probe modes on the “teeth” and center of the APCW illustrate
the transverse electric-like (TE-like) GM intensity near a TE band edge [here
the dielectric band edge at'894 nm (D1 line of cesium)]. While these trajec-
tories are merely an illustration, calculated atomic trajectories are presented
along with comparisons to experimental data in Fig. 4.
time-dependent “clocked spectra” with temporal (spatial) reso-
lution of '100 ns ('50 nm).
These measurements allow us to quantitatively validate our
numerical simulations and thereby provide understanding of
atomic trajectories passing around and through nanoscopic
regions of the APCW. For example, we infer that the number
of atoms transported into the 250-nm-wide vacuum gap of the
APCW during each lattice period is of order unity (i.e., ∼106
atoms/s into the central vacuum gap). Introducing auxiliary GM
fields provides a spatially varying AC Stark shift, which can con-
trol atomic trajectories arriving to the central vacuum gap at
predetermined times and with known AC Stark shifts.
This quantitative understanding of atomic transport through
the nanoscopic APCW provides more tools for the integration of
ultracold atoms and nanophotonics, some of which we describe
here. For example, following ref. 21, we consider the transfer of
atoms from the moving optical lattice into GM trap sites along
the APCW by way of single-photon scattering events triggered
by the temporal phase of the moving lattice.
The research reported in this paper has many important
antecedents in atomic physics. Historic measurements of trans-
mission for atomic beams passing through nanofabricated arrays
of slits led to some of the first observations of interferome-
try with atomic deBroglie waves that were followed over the
next decades by precision measurements of many fundamental
atomic properties (ref. 23 for a review), including atom–surface
interactions important to our work. Pioneering experiments to
measure atomic line shifts and decay rate modifications for atoms
near surfaces were also made in other microscopic geometries
with atomic transmission recorded through various structures
(24–26), which are likewise quite relevant for our system. Early
work in atomic vapors led to measurements of the spectral
line distortion for Cs atoms induced by surface forces on the
atoms (27–29). More recent experiments have investigated the
role of Casimir–Polder (CP) forces on simulated trajectories
of thermal (∼300 K) atoms interacting with nanoscopic slot
waveguides and accompanying experiments verifying the impor-
tance of CP when explaining the experimental result (30).
Among many experiments with laser-cooled atoms, landmark
measurements of CP forces were made by “bouncing” atoms
from evanescent fields (31), as well by using interactions with
Bose–Einstein Condensates (BECs) at controlled distances from
a dielectric boundary, again with atom loss being the relevant
variable (32, 33). Perhaps closest in spirit and implementation
to the present work are pioneering experiments and numeri-
cal simulations for cold atoms moving near nanoscopic optical
fibers (34), microtoroid resonators (35, 36), and PCWs (37)
in which light transmission and reflection from the respective
optical structures were used to link experiment and numeri-
cal simulation of atomic motion, rather than by direct atomic
detection.
PCW and Supporting Structure
This section provides an overview of the APCW used in our
experiments, including the relevant GMs of the waveguide, the
coupling of light into and out of these GMs, and the structural
support of the waveguide. More details about device fabrication
and characterization can be found in refs. 22, 38, and 39.
The APCWs used in our experiments are made by pat-
terning the desired geometry using electron beam lithography
on a 200-nm-thick layer of silicon nitride (SiN) grown on a
200-µm silicon substrate, followed by various stages of chemical
processing (38, 39). The photonic crystal is formed by external
sinusoidal modulation of two parallel nanobeams to create a
photonic bandgap for TE modes with band edges at the strong
dipole-allowed transition lines of cesium (Cs), the D1 line near
894 nm and the D2 line near 852 nm. Fig. 2A displays a scanning-
electron microscope (SEM) image of the central section of an
APCW. The “X” and “O” points indicate regions of high GM
intensity for TE-polarized light with frequencies near the dielec-
tric (D1) and air (D2) band edges, respectively. The coordinate
system adopted for our subsequent analyses is shown together
with the dimensions of the device and the principal polarizations
of relevant GMs supported by the dielectric structure. Calculated
and measured dispersion relations for such devices are presented
in ref. 15 where good quantitative agreement is found.
Fig. 2B provides a cross-section of the two dielectric beams
that form the PCW overlaid with intensity profiles for the trans-
verse magnetic-like (TM-like) and transverse electric-like (TE-
like) polarizations for the x coordinate corresponding to the
widest sections of the APCW. Note that the TM mode’s regions
of highest intensity are on the top and bottom surfaces of the
dielectric, while the TE mode is primarily bright in the center
(vacuum gap between the beams) and on the sides. For opera-
tion near the band edges of the TE mode, spontaneous emission
rates, Γ1D, into the waveguide are strongest for atoms coupled
to TE GMs (Γ1D/Γ′6 10) and significantly weaker for emission
into TM GMs (15, 22). Additionally, near the TE band edges
for D1 and D2, the Bloch functions develop high-contrast stand-
ing waves along x , which are useful for creating dipole trapping
potentials (FORTs) for atoms within the waveguide (16, 22). The
TM GMs near D1 and D2 have low contrast in the x direc-
tion and resemble simple GMs of an unstructured waveguide. SI
Appendix, Fig. S7 shows these modes and the resulting trapping
potentials.
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Fig. 2. Details of the APCW used in our experiments. (A) An SEM image of
4 unit cells of the APCW taken in the center region of the waveguide. The
unit cell spacing is 370 nm, the vacuum gap between the beams is 250 nm,
and the silicon nitride is 200 nm thick. Xs (Os) indicate the regions of the
APCW where TE-guided light at the dielectric or D1 (air or D2) band egde
is brightest. (B) The intensity distribution of the TE and TM polarizations
supported by the structure at a single slice in the y direction, indicated by
the red dashed line in A. (C) The 150 unit cells of the APCW are formed
from single rectangular waveguides on either end that split at Y junctions
into parallel, modulated beams. The entire structure is suspended in vac-
uum by transverse tethers connected to supporting side rails (not shown)
(22, 38, 39).
The structure depicted in Fig. 2C illustrates the APCW con-
nected to single-beam waveguides on either end and thereby
suspended in the center of a 2-mm-wide window in the silicon
chip to allow optical access for delivering and manipulating cold
atoms near the APCW. Well beyond the ends of the APCW,
a series of tethers are attached transversely to the single-beam
waveguides along ±y to anchor the waveguides to two side rails
that run parallel to the x axis of the device to provide thermal
anchoring and mechanical support.
Light is coupled into and out of the GMs of the APCW by
conventional optical fibers that are mode matched to the fields
to/from the terminating ends of the waveguide (22). The over-
all throughput efficiency from input fiber through the device
with the APCW to output fiber is ∼20% for the experiments
described here.
The silicon chip containing a set of APCWs is affixed to a
ceramic holder using heat-cured, low out-gassing glue. Each
of eight devices is connected using separate input and output
fibers aligned to the respective waveguide by V grooves etched
into the substrate (22). The same heat-cured glue is used to
fix the fiber position within the V groove. This entire assem-
bly with 16 coupling fibers for eight devices is mounted in a
vacuum chamber ∼20 mm from a magneto-optical trap (MOT)
from which cold cesium atoms are transported to an individ-
ual APCW by way of an optical conveyor belt described in the
next section.
Periodic Atom Delivery and Probe Measurements
Previous experiments with strong coupling of atoms to nanopho-
tonic structures have relied upon tight focusing of FORTs (17)
to confine a single atom (12, 13) or several atoms (14, 15)
100–200 nm above nanophotonic cavities and waveguides. To
further investigate atomic motion and atom–field interactions
near nanophotonic devices, our current approach uses a mov-
ing optical lattice that repetitively delivers atoms to the surfaces
and central vacuum gap of a nanoscopic APCW. Although each
lattice period results in of order one atom entering the central
vacuum gap of the APCW, a recursive scheme for transferring
atoms from the moving lattice to stationary FORT sites within
the APCW could create a 1D lattice of single atoms with high
fractional filling in time∼10−3 s (e.g., a sequence of 1,800 lattice
periods each lasting ∼1 µs), as is discussed in the next section.
Each atom thereby trapped within a unit cell would couple to
single GM photons within the waveguide with interaction rate
Γ1D ∼10 times larger than previous schemes with similar devices
(14, 15, 22).
The moving optical lattice of trapped atoms is prepared
by loading a 1D dipole trap from atoms confined in a MOT
using polarization gradient cooling (PGC) (40). The dipole trap
is formed using two counterpropagating TEM00 laser beams
(B1,B2), each with waist w0' 60 µm at the device and red
detuning from the Cs D2 line by ∆lattice' 2pi× 800 GHz. The
atoms are thus trapped in a series of pancakes around intensity
maxima along z with spacing at λlaser/2. For each experimental
trial, '2× 106 atoms are loaded into the free-space lattice and
the spatial extent of the atomic sample spans ∼1,800 pancakes.
After the atoms are loaded into the 1D lattice, polarized per-
pendicular to the waveguide (linearly polarized along y), we use
degenerate Raman sideband cooling (DRSC) to cool the atomic
sample to T ' 12 µK (41).
Beams (B1,B2) are derived from a single laser beam that is
split into two paths each with a double-pass 80-MHz acousto-
optic modulator (AOM). A frequency chirping sequence is sent
to one of the AOMs to create a moving optical lattice (42),
which acts as an optical conveyor belt to deliver atoms to the
APCW at a speed given by the lattice spacing λlaser/2 and
the chirp frequency fchirp, vlattice = fchirp×λlaser/2. For the experi-
ments discussed here, the frequency difference between B1 and
B2 is ramped from zero up to fchirp = 1.2 MHz, corresponding
to an atom delivery speed of vlattice = 0.51 m/s. The relevant dia-
gram for loading and delivering atoms to the APCW with this
conveyor-belt technique is found in SI Appendix.
The atomic interaction with the APCW is probed using a
weak resonant field of frequency ωprobe input to either a TE
or a TM GM of the waveguide. In qualitative terms, atoms
located within 100–200 nm from the surfaces of the APCW
result in additional absorption and/or dispersion for a probe
field transmitted at ωprobe relative to the device with no atoms.
By recording transmission spectra obtained by scanning ωprobe
around a particular free-space Cs transition at frequency ωa, we
obtain quantitative information related to light shifts of transi-
tion frequencies and modified decay rates that atoms experience
in transiting near the structure (15). More precise understand-
ing of atomic trajectories on scales .50 nm and .100 ns can
be gained by using the periodic arrival of atoms by the mov-
ing optical lattice supplemented by auxiliary, far-from-resonance
GM fields that strongly perturb internal atomic states and thus
atomic motion.
“Clocked” Transmission Spectra
By using the lattice delivery method illustrated in Fig. 3 A, i and
A, ii, atoms arrive to the APCW trapped in a sequence of pan-
cakes, with the repetition frequency of arrivals given by fchirp and
periodicity τlattice = 1/fchirp. During the passage of any one pan-
cake, a small fraction (∼10−8) of the lattice power is scattered
by device imperfections into GMs of the APCW and propagates
to both ends, where it is efficiently coupled into optical fibers
and then separated from the probe fields using volume Bragg
gratings (VBGs) (8). The leaked lattice light (with a power of
∼5 nW) is detected by an avalanche photodiode (APD), with
the resulting current observed with high signal-to-noise ratio and
contrast (i.e., oscillating from near zero to a sequence of maxima
with contrast'0.7 and period τlattice to provide a “fringe signal”).
The photocurrent is directly digitized and recorded with a field
programmable gate array (FPGA), as well as processed in real
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Fig. 3. Details of the concept of the clocked-atom delivery and how the data are analyzed to recover a phase-sensitive atomic signal. (A, i) Atoms trapped
in pancakes by the 1D lattice are delivered to the structure when a chirp sequence is placed on one of the lattice beams creating a conveyor belt. (A, ii) A
half period later the pancakes have moved λlaser/4 relative to the APCW. (B) Probe photon counts placed on the same time axis as the lattice sync signal. By
building a histogram from probe time stamps (ti) between successive lattice sync time stamps (τi , τi−1 . . .) we can recover the phase-sensitive nature of the
atom delivery. (C) All of the individual lattice time periods are folded together into a single histogram indicating that the atomic signature is phased with
the lattice signature. (D) For a single probe detuning we can observe this clear phase-sensitive signal when the probe photon time stamps are referenced
to the closest preceding time stamps of the lattice. (E) By scanning the probe detuning we can create this 2D image in lattice time t and probe detuning
∆p to gain more insight into the arrival time of different classes of atoms and extract spectra for various arrival times. This information helps to determine
the coupling of the atoms to the waveguide and can reveal time-dependent AC Stark shifts. Cuts at certain times reveal spectra which we fit to extract
parameters {Γeff1D(t), Γ′(t), ∆AC(t), Jeff1D (t)} for an effective model. (F) An example of slices taken over an interval “tcut” and summed. (G) The fit parameters
extracted for spectra at varying lattice times t in E. Each spectrum is taken by combining three time bins ('50 ns) and fitting to a transmission model given
in ref. 15 and SI Appendix. Note that Γeff1D changes the most across time and denotes the coupling strength of the atomic sample to the structure. J
eff
1D , the
coherent coupling term, remains relatively constant and small across time.
time using a threshold detector that converts the fringe signal to
a single time marker for each pancake, which we call the lattice
synchronous markers, defined as τi (i.e., the red dashed lines in
Fig. 3B at time i × τlattice for the i th pancake). These synchronous
markers provide a consistent clock to register time stamps of
each (separately) detected probe photon transmitted by the
APCW (i.e., green bins in Fig. 3B) with the movement of the
lattice through the structure. The random nature of the device
imperfections on both the top and bottom can alter the tim-
ing of the lattice scattering into the APCW relative to the atom
arrival. While this introduces a level of uncertainty, it manifests
as a global phase offset which is consistent for all measurements
on a single device, but can vary between different waveguides as
discussed in SI Appendix.
The transmitted probe counts, recorded on a single-photon
counting module (SPCM) and digitized, from the passage of
each lattice pancake can then be offset in time by lattice num-
ber (i.e., for pancake i , ti,clock = ti − τi , where τi = i × τlattice) and
summed over all pancakes {i} to produce a clocked record as
illustrated schematically in Fig. 3C, where t refers to the clocked
time for a sequence of Np pancakes passing near the APCW.
Histograms built from the time differences between the lattice
time stamps and the probe time stamps reveal microscopic
information about atom motion near the APCW. For example,
Fig. 3D displays a measured histogram that clearly evidences
the phase-sensitive nature of the atom arrival for a single-probe
detuning matching the free-space Cs D1 transition F = 3→
F ′= 4. In Fig. 3 and throughout this paper, the probe trans-
mission with atoms is normalized to the transmission through
the waveguide when no atoms are present. The use of the Cs
D1 transition for probing instead of the D2 cycling transition
is to avoid the tensor shifts of the D2 excited states that arise
from the lattice detuning from the D2 line. For lattice period
τlattice = 833 ns, minimum transmission (i.e., maximum loss) is
observed around the clocked time t ' 450 ns, corresponding to
increased atom number near the APCW as in Fig. 3 A, i. By
contrast, maximum transmission (and minimum loss) is evident
near t = 0, 833 ns as in Fig. 3 A, ii with lattice antinodes (and
hence atom number for a red detuned FORT) located away from
the device.
To gain greater insight into atomic motion and internal state
shifts for atoms near the APCW (e.g., AC Stark shifts and
resulting forces), we create 2D clocked spectra by combining
measurements as in Fig. 3D for a sequence of probe detunings,
∆p =ωprobe−ωa. For each value of ∆p, time bins of recorded
probe counts over the lattice period with atoms present are nor-
malized to the probe counts at the same detuning but absent
atoms in the lattice. Fig. 3E provides an example of measured
2D clocked spectra for a weak TM probe beam. For each detun-
ing ∆p of the probe beam, typically 5–10 trials of the experiment
are combined, with each trial consisting of 1,800 lattice pancakes
and repeated every 2 s.
Cuts of the 2D spectra along lines of varying probe detuning
∆p for fixed clock times t (i.e., times relative to the lattice syn-
chronization signal) can exhibit distinct spectra resulting from
spatially dependent atomic density and coupling strength of
atoms to the APCW. An example of a transmission spectrum
at tcut = 450 ns is shown in Fig. 3F. Following the discussion in
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SI Appendix, we fitted the measured clocked transmission spec-
tra to an effective model that was developed in refs. 15 and 43
for a random number of atoms trapped above a 1D PCW and
moving along x . The three fitted parameters for this effective
model are Γeff1D and J
eff
1D , which describe effective decay rates and
frequency shifts, respectively, for N -atom radiative interactions
with the measured GM (TE or TM), as well as Γ′ for single-atom
decay into all other modes (principally free-space modes), which
is assumed to have no collective effects (44).
The coupling strengths {Γeff1D(t), J eff1D(t)} and decay rate Γ′(t)
are extracted as functions of the clocked lattice time t (SI
Appendix). Fig. 3G provides an example of such temporal
behavior of {Γeff1D(t), J eff1D(t), Γ′(t)} over a lattice period. Here
Γeff1D(t) changes over time, reflecting the atom density and
coupling to the structure in a lattice period. J eff1D(t) remains
relatively constant, indicating a small contribution from atom–
atom interactions, which is unsurprising given that these exper-
iments are taken far from the dielectric band edge where the
coherent coupling term is small. This technique thereby pro-
vides otherwise inaccessible information about radiative inter-
actions along the APCW as pancakes of atoms move through
the device.
Clocked Spectra with Stark GMs
For the previously described clocked spectra, atoms experience
spatial and temporal variations of AC Stark shifts ∆latticeAC (r , t)
due to the complex structure of the optical fields of the mov-
ing optical lattice and CP forces in the vicinity of the APCW,
which are considered in more detail in Simulations of Atom
Motion and Clocked Spectra. In this section we investigate exper-
imentally clocked transmission spectra in the presence of a
far-detuned GM that produces its own spatial distribution of
AC Stark shifts ∆GMAC (r , t) near the surfaces of the APCW, as
illustrated by the TM and TE GM mode profiles shown in
Fig. 2B. The GMs here are launched incoherently from each
fiber port of the APCW to avoid the large vector shifts on
the atomic energy levels. We achieve this incoherent sum by
detuning one of the GMs by 100 MHz which is a fast enough
beat note that the atomic motion is unaffected, but not fast
enough compared with the overall GM detuning of 58 GHz
to create any appreciable difference from the point of view
of the atoms (i.e., an atom interacting with a GM detuned by
58 GHz behaves similarly to one interacting with a 58.1-GHz
detuned GM).
As shown in Fig. 4 A–D, the addition of static GM fields leads
to 2D clocked spectra with much richer structure than absent
these fields. The measured spectra exhibit variations in trans-
mission on timescales δt ' 100 ns and associated length scales
δz ' 50 nm for lattice velocity of 0.51 m/s, under the influence of
a TM GM with power range 06PStark 6 92 µW and blue detun-
ing of 58 GHz from the D2 line (referred to from now on as
the “TM Stark GM”). The configuration of the involved beams
is presented in SI Appendix, Fig. S4. The corresponding peak
AC Stark shifts in the vacuum spaces surrounding the APCW
are estimated to be 06∆GMAC 6 50 MHz, bounded by the kinetic
energy of the atoms imposed by the lattice speed. Here, the
atoms enter in F = 3 and the probe beam is tuned around the
F = 3→F ′= 4 transition of the D1 line of Cs (with free-space
frequency ωa), again to avoid inhomogeneous broadening asso-
ciated with the D2 excited-state tensor shifts from the free-space
optical lattice.
In the presence of the TM Stark GM for the measurements
in Fig. 4 A–D, atoms experience a repulsive dipole force and
the atomic transition frequency is shifted smaller than that of
free space. Atoms arriving to the side of the APCW facing the
incoming moving lattice begin to climb up the repulsive poten-
tial created by the blue TM Stark GM and lose kinetic energy.
Fig. 4. (A–H) A comparison of the data (A–D) and simulation (E–H). In both
cases, there are two TM GMs of the APCW being excited, namely (i) a weak
TM probe beam with variable frequency ωp and detuning ∆p =ωp−ωa,
with ωa the free-space frequency of the F = 3→ F′ = 4 transition in the D1
line of atomic Cs, and (ii) a counterpropagating pair of TM stark GMs with
a sequence of increasing powers from zero (Top). The configuration of the
involved beams is presented in SI Appendix, Fig. S4. For the measurements in
A–D, the sequence of input powers is PStark = {0, 42, 66, 92} µW from Top to
Bottom, while for the simulations in E–H, from Top to Bottom, the internal
power sequence is PStark = {0, 12.6, 19.8, 27.6} µW for the GM detuning of
58 GHz from F = 3 on the D2 line. As the simulated TM Stark beam power
is increased the atomic sample response alters in both time and detuning
in ways similar to increasing the power in the simulation. This allows the
intensity of GMs to be calibrated by comparing the data and simulation.
As atoms climb this potential, the AC Stark shift they experience
increases due to the spatial intensity of the TM Stark GM. Evi-
dent in the data is that atom arrivals at different times exhibit
different Stark shifts.
Moving to higher power for the TM Stark GM in Fig. 4 A–
D, we observe an evolution of atomic signatures where atoms
arriving at different times within one pancake experience dif-
ferent Stark shifts. A temporally varying atomic signature on
the scale of '100 ns, while itself of interest, can be used to
determine the arrival time of atoms and their spatial distri-
bution around the surfaces of the APCW. This information
cannot be extracted from the data alone, but when aided by
numerical simulations and validations, can enable “actionable”
information to be obtained from the measured clocked spec-
tra. In the next section we describe numerical simulations of
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atom delivery and clocked spectra, with the good correspon-
dence between experiment and simulation already displayed in
Fig. 4 A–H.
In principle we can choose any GM polarizations for the probe
and Stark fields, as well as detuning and Stark shift, depending on
the effect desired on the atomic signal. Clocked spectra for addi-
tional GM configurations (e.g., TE probe and TM Stark beam)
can be found in SI Appendix. Additionally, here we focus on lat-
tice speeds of 0.51 m/s; however, we can easily adjust this speed
by changing the beat frequency between B1 and B2 and have
experimentally investigated lattice speeds from 0.7 m/s down
to 0.02 m/s.
Simulations of Atom Motion and Clocked Spectra
In this section, we present numerical simulations of atom trajec-
tories and APCW transmission spectra. Numerical simulations
of atom motion in a moving optical lattice and through the near
fields of the APCW can be used to understand the nanoscopic
dynamics of atoms near the APCW. Together with a model based
upon optical transfer matrices for atoms located near the APCW,
theoretical simulations for clocked transmission spectra can be
generated for comparison with experiment, as in Fig. 4 E–H.
Such simulations can also aid the design and operational vali-
dation of GM optical traps and test numerically techniques for
loading small-volume ((∆x , ∆y , ∆z ) = (30, 100, 140) nm) GM
traps in short times (∼ 1 µs).
The simulations for atomic transport presented here are car-
ried out in the 2D space of y , z to reduce the required com-
putational resources and enable more rapid explorations of
parameter space. Justification for this reduction from full 3D
is that the lattice fields along x for full 3D simulations exhibit
only small modulation (.5%), as is also the case for so-called
side-illumination traps used in refs. 14 and 15.
For the current 2D simulations, the domain area extends
±25 µm along y and from −10 µm to 60 µm along z in a
plane that contains the thick part of the APCW (i.e., the red
dashed line in Fig. 2A), with the center of the gap at the ori-
gin. The total time-dependent potential U (t) for a single atom
consists of three contributions: (i) Ulattice(t) for the optical lat-
tice that differs significantly from the usual case of free space
due to forward and backward scattering from the APCW for
each otherwise independent, counterpropagating lattice beam,
with Ulattice(t) simulated with the finite-element method (FEM)
implemented in COMSOL (45); (ii) UGM(t) from GM fields
externally input to the APCW, with UGM(t) determined from
eigenmode calculations for the APCW GMs done with MPB
(46); and (iii) UCP from CP force originating from the interaction
between the atoms and the dielectric surfaces (26). Atoms are
initialized in Ulattice with a Boltzmann distribution for tempera-
tures ranging over 10 µK<Tinitial < 150 µK and for lattice depths
200 µK <U initiallattice < 500 µK at distance 60 µm from the APCW in
z , where the scattered fields from the APCW are small. Atom
trajectories are calculated by solving the classical equations of
motion for the assumed independent atoms in the optical dipole
potential U (r , t) =Ulattice(r , t) +UGM(r) +UCP(r), which con-
sists of the optical lattice, APCW GMs, and CP force. The CP
force is important to include in these simulations; see Fig. 7
for a comparison graph consisting of Fig. 4 A and E and the
simulation case where UCP(r) is removed. The result clearly indi-
cates that, to achieve good agreement between simulation and
data, CP force must be included in the overall potential felt by
the atoms.
The simulated atomic trajectories near the APCW for a sin-
gle pancake with initial loading temperature Tinitial = 100 µK
and no GM (UGM = 0) are shown in Fig. 5A. Notable fea-
tures include phase advances and retardations as each pancake
nears and departs from the central plane of the APCW, which
lead to atomic acceleration and deceleration, and a signifi-
cant flux of atoms enter the central 250-nm vacuum gap of
the APCW.
To calculate the APCW transmission spectrum as a function
of time, the atom trajectories are randomly sampled according
to the experimentally measured density of '500 atoms per pan-
cake. The sampled atom trajectories are then distributed along
the x direction with probability proportional to the probe inten-
sity in the APCW. For example, for a TE probe with frequency
near the APCW TE band edge, the atom trajectories are dis-
tributed with a cos2(2pix/a) probability distribution, where a
is the APCW unit cell spacing (370 nm), to approximate the
high-contrast Bloch mode. For a TM probe with frequency near
the Cs D1 or D2 transitions, the TM band edges are both far
from the probe frequency (15) with low-contrast Bloch modes
(i.e., effectively traveling waves), so that the atom trajectories are
distributed uniformly along x . Since our GM probe field is far
below saturation, the transmission of the system as a function of
probe frequency can be calculated with the transfer matrix model
(15, 43, 47).
For an initial loading of five consecutive pancakes, Fig. 5B
shows the transmission spectrum of a weak TM probe T (∆p , t)
calculated from the resulting simulated trajectories by way of
a matrix transfer model. By applying the same analysis as pre-
viously described for our experiments (namely, folding the five
pancake spectra into one optical lattice period), a clocked
spectrum can be generated over the timescale τlattice, with the
result shown in Fig. 5C. The clocked spectrum is also present
in Fig. 4E.
The simulation results with a calculated blue detuned TM
Stark GM are shown in Fig. 5 D–F. Note that the TM Stark
GM alters the atom trajectories and induces the AC Stark shift in
the transmission spectra. The blue detuned TM Stark GM allows
atoms at different regions around the APCW to be separated by
different AC Stark shifts, as evidenced in Figs. 4 and 5F, and two
classes of atom trajectories can be identified: (i) atoms that go
around the sides of the APCW, that experience little AC Stark
shift from the TM Stark GM and remain trapped in the optical
lattice standing wave; these atoms contribute to the horizontal
strip around 8 MHz in Fig. 5F, as indicated by the blue dashed
line; and (ii) atoms that interact with the APCW GM strongly
on the surface facing the incoming atoms and in the vacuum
gap of the APCW; these atoms contribute to the negative AC
Stark-shifted feature in Fig. 5F. As atoms climb up the strong
repulsive potential, the negative AC Stark shift increases, creat-
ing the downward sloping feature, indicated by the red dashed
line in Fig. 5F. For atoms that bounce back or pass through the
gap, the AC Stark shift decreases in magnitude, as indicated by
the white dashed line in Fig. 5F. More insight into atom motion
around the APCW can be extracted from the clocked spectrum
as explained below.
A side-by-side comparison of the simulation and data is shown
in Fig. 4. This not only demonstrates reasonable correspondence
between simulation and data, indicating reliability of conclusions
drawn from simulations, but also provides the ability to deter-
mine the actual intensity within the APCW, a vitally important
piece of information when determining the optimum power for
GM trap beams.
A more detailed description of the simulations can be found in
SI Appendix along with links to movies of the atom delivery to the
waveguide (Movies S1 and S2). Fig. 5 A and D shows snapshots at
different times from Movies S1 and S2. Additionally, we explored
the possibility of using a blue detuned lattice where the atoms are
repelled from the regions of high intensity. For this blue lattice,
the simulation indicates that the delivery of atoms to the center
vacuum gap of the APCW is increased compared with that in the
traditional red detuned lattice.
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Fig. 5. Simulated atom delivery and the corresponding simulated clocked spectra. Note that the atom number in A and D is much larger per pancake than
in the experiment to illustrate the multitude of trajectories a single atom could potentially follow. (A) The atomic trajectories without any APCW GM at four
different times. The two gray rectangles are a cross-section at the thick part of the APCW, as indicated by the red dashed line in Fig. 2A. A, i shows atomic
trajectories at τ = τi ; A, ii those at τ = τi + 23 τlattice; A, iii those at τ = τi+1 +
1
3 τlattice (where τi+1 = τi + τlattice); and A, iv those at τ = τi+2. (B) By simulating
multiple pancakes and sampling from the trajectories, a spectrum of multiple pancakes can be calculated. (C) A clocked spectrum generated by folding the
multiple-pancake spectrum. Here the lattice configuration for clocked time t = 0 is shown in A, i and A, iv (i.e., the timing when the highest intensity of
the lattice is at z= 0). (D) The atomic trajectories with an intense blue TM Stark beam. Timing is the same as in A. (E) The transmission spectrum for five
pancakes with a blue TM GM. (F) Clocked spectrum with a blue TM Stark beam. Notable features of D, E, and F include the following: First, atoms that go
around the sides of the APCW experience little AC Stark shift from the GM and remain trapped in the optical lattice standing wave; these atoms contribute
to the horizontal strip around 8 MHz, indicated by the blue dashed line in F; and, second, atoms that interact with the APCW GM strongly on the surface
facing incoming atoms and in the vacuum gap of the APCW; these atoms contribute to the negative AC Stark-shifted feature. As atoms climb up the strong
repulsive potential, the negative AC Stark shift increases, creating the downward sloping feature, indicated by the red dashed line in F. And as the atoms
bounce back or pass through the gap, the AC Stark shift decreases in magnitude, as indicated by the white dashed line.
Applications
Fig. 4 establishes strong correspondence between our mea-
surements and simulations for various features of clocked
spectra involving TM probe and TM Stark beams. Beyond
the results in Fig. 4, we have made similar comparisons of
clocked spectra for other pairs of GMs [e.g., (TE probe, TM
Stark), (TM probe, TE Stark)], as described in Fig. 6 and
SI Appendix. These results provide further validation of our
numerical simulations, which are based upon calculated atomic
trajectories as atoms brought by the moving lattice pass around
and through nanoscopic regions of the APCW in the pres-
ence of forces from the lattice itself, Stark GMs, and sur-
face forces. With a reasonable degree of confidence, we can
then attempt to use the measured clocked spectra to provide
insight into atomic trajectories that are currently beyond direct
observation.
An example of the general intuition is as follows. As illus-
trated in Fig. 2B, a TM mode is primarily sensitive to atomic
trajectories that intersect the top of the waveguide, while for
the TE mode, the regions of highest intensity are on the sides
and in the gap between the two beams. Hence, a TE probe can
improve our sensitivity to gap and side atoms. To distinguish
between these two classes of trajectories (side and gap), a TM
Stark GM with blue detuning (as in Fig. 6 A and B) can be
used to separate atoms interacting with the TE probe into two
distinguishable classes. Because of the AC Stark shift and the
spatial intensity distribution of the TM blue GM, an atom enter-
ing the vacuum the gap of the APCW will experience a larger
AC Stark shift than an atom passing around the side. By validat-
ing this effect in our simulations, we can then use it to separate
experimentally the side and gap classes of atoms in a clocked
spectrum.
One important application is to use the lattice delivery method
to achieve high fractional filling of the trap sites within the
APCW by way of a recursive loading scheme (i.e., some small
probability to transfer one atom from the moving lattice to a
GM trap for the passage of each successive lattice pancake).
Such recursive loading requires detailed understanding of the
experimental signatures of atoms entering the central vacuum
gap of the APCW, including the probability with which atoms
actually enter the central gap. With the reliability of the sim-
ulations validated, we have some confidence in the result in
Fig. 6 A and B, which shows that a significant fraction of atoms
delivered to the APCW do indeed enter the vacuum gap under
appropriate conditions of lattice speed and intensity for a TM
Stark GM.
This being the case, the next step is to identify the operational
signatures for the class of “gap” atoms in a clocked spectrum,
which we have done in Fig. 6C by way of a TE probe GM.
Here, the total clocked spectrum based upon all atom trajec-
tories from the simulation is decomposed into a set of clocked
spectra for individual trajectory classes, including the class of
462 | www.pnas.org/cgi/doi/10.1073/pnas.1817249115 Burgers et al.
PH
YS
IC
S
Fig. 6. (A) Different classes of atom trajectories with a TM blue detuned Stark beam. The green trajectories are the “center” trajectories that enter the
gap of the APCW. The blue trajectories are the “sides” trajectories that go around the sides of the APCW. And the red trajectories are “other” trajectories
that bounce from or crash on the surface facing incoming atoms of the APCW. (B) A zoomed-in view of the center gap showing atom trajectories entering
the APCW. A large fraction of atoms penetrate deep into the gap before crashing into the dielectric wall via CP forces. (C) The clocked spectra for a TE
probe of the different classes of atom trajectories shown in A and B. Note the separation of different classes in both time and AC Stark shift. (D) A cut at
20 ns in the clocked spectrum, as shown by the dashed lines in C. The black line shows the spectrum of all trajectories. The colored lines show the spectra
of corresponding classes of trajectories in A and B. The spectrum for all atoms (black curve) has a large peak around probe detuning ∆p'−30 MHz, which
predominantly results from atoms entering the central gap. For these times and detunings, another GM could be triggered in real time to selectively target
gap atoms (e.g., for trapping) while they transit the vacuum gap of the APCW in successive lattice pancakes.
trajectories that pass through the central vacuum gap. Fig. 6D
zooms into the clocked spectrum by examining spectral cuts
at successive time intervals to identify times and detunings for
which the gap atoms have distinct spectral signatures. Clearly,
the spectrum for all atoms (black curve) has a large peak around
probe detuning ∆p '−30 MHz, which predominantly results
from atoms entering the central gap at clocked times around
t ' 20 ns. For these times and detunings, another GM could
be triggered in real time to selectively target gap atoms while
they transit the vacuum gap of the APCW in successive lattice
pancakes.
Inspired by ref. 21 for “single-photon cooling,” we are attempt-
ing to adapt the capabilities illustrated in Fig. 6 for the transfer
of atoms from the moving lattice into a GM trap by way of a
single cycle of optical pumping (i.e., a single-photon scattering
event) (48, 49). As depicted in SI Appendix, consider a moving
lattice with FORT potential Ulattice and a TE-GM trap UGM(F )
within the APCW having the property thatUGM(F1)Ulattice for
the ground manifold level F1 and UGM(F2).Ulattice for level F2,
which for definiteness could be the 6S1/2,F1 = 3,F2 = 4 levels
in cesium. Assume that atoms are being transported by a lattice
with velocity vlattice such that their kinetic energy is much less than
UGM(F1) and are prepared in F2. Then by using techniques sim-
ilar to those illustrated in Fig. 6, it should be possible to identify
clocked time t and detuning ∆OP at which to trigger a pulse of TE
guided-mode light for optically pumping atoms F1→F2 within
the central vacuum gap. Since the transfer involves momentum
62~k and UGM(F1)Ulattice, atoms should be trapped within
UGM(F1) as the lattice minimum exits the trap region. Further-
more, the choice of detuning, ∆OP, for the optical pumping
pulse allows discrimination in favor of atoms near the coinci-
dent minima of UGM(F2) and UGM(F1) [i.e., near the center of
a (random) unit cell of the APCW] by way of AC Stark shifts as
in Fig. 6.
Beyond this discussion of single-photon trapping, more prac-
tical applications of clocked spectra are already in place in our
laboratory. Examples include the use of clocked spectra for
intensity calibration within a GM of the APCW resulting from
a known input power at the optical fiber coupled to the sequence
of waveguides that lead to the actual APCW (22) and validation
of trap parameters for GM traps formed from the summation of
red and blue GMs (8, 16).
Certainly, the agreement between simulation and measure-
ment can be considerably improved by extending the simulations
to more faithfully capture the complexity of the APCW, includ-
ing fully 3D lattice transport and vector fields of the APCW, and
implementing more accurate calculations of CP potentials for
all surfaces of the APCW as in ref. 16, which is nontrivial. Such
improvements could enable more advanced measurements to be
undertaken, such as quantitative validations of CP potentials in
the spirit of refs. 23 and 50.
A full calculation of the CP potential of an atom around
the nontrivial geometry of our dielectric structure is extremely
involved and requires huge numerical resources. To simplify the
calculation, the C3 coefficients of short-range van der Waals
atom–surface attraction for both Cs ground state and 6P1/2
excited state are taken from ref. 51. The CP potential for a
single nanobeam in the APCW is approximated by consider-
ing only the atom–surface attraction force of the atom and
its closest dielectric surface. However, as seen in Fig. 7, our
current measurements are already sensitive to the C3 coeffi-
cient chosen for the Cs D1 transition in our simplified van
der Waals model (23, 52). This simple theory, although not
complete, is nonetheless important in generating good corre-
spondence between experiment and simulation. Finally, we note
that achieving trapped atoms inside the structure will make our
system more sensitive to surface forces. This will enable the abil-
ity to investigate CP potentials further and investigate deviations
Fig. 7. (A–C) A comparison of clocked spectra for (A) experimental data, (B)
simulation with the CP potential, and (C) simulation without the CP poten-
tial, for the case of no Stark GM and probing with a weak TM probe. The
addition of the CP potential is essential for obtaining good correspondence
between experiment and simulation.
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due to additional surface forces such as the deposition of Cs
atoms on the waveguide surface (We elaborate on this point in
SI Appendix) (53).
A quite different application of our system of clocked atoms
delivered to a PCW is utilization of this time-dependent, opti-
cally dense atomic medium for nonlinear optical experiments,
such as soliton propagation, as investigated in ref. 54. The
relevant pulse durations are much smaller than the atomic life-
time τ ' 30 ns, which is in turn much shorter than the atom
transit time through the APCW, so the pulses could be trig-
gered to interact with an optical system with selected values of
Γeff1D, J
eff
1D, ∆AC, Γ
′ as in Fig. 3G by varying the offset of input pulse
and lattice clock timing.
In this nonexhaustive discussion of applications, we finally
mention the possibility of opto-mechanics. In our modeling and
experiments, the GM probe is kept weak to avoid affecting
atomic motion as well as saturation, allowing modeling of optical
transmission and reflection by way of matrix transfer techniques.
That is, atoms strongly affect the probe response, but the probe
only weakly affects atomic motion. On the other hand, the Stark
GMs in the work presented are far detuned so that their trans-
mission is only weakly modified by the atoms, but clearly atomic
motion is strongly influenced by sufficiently intense Stark GMs,
as in Fig. 5. Consider now that the probe and Stark GMs are one
and the same field with intensity sufficient to drive atomic satura-
tion as well as to create optical forces that modify atomic motion.
We would then be in a regime requiring a self-consistent descrip-
tion of the internal and external degrees of freedom for atoms
and optical fields within the APCW (i.e., a nonlinear regime
for opto-mechanics with atoms). Although we have carried out
such measurements with our current experiment, the results are
beyond our existing simulation capabilities.
Conclusion and Outlook
Trapping and cooling atoms at distance ∼100 nm from the
internal surfaces of dielectric PCWs requires a different set of
advances relative to standard atomic physics techniques. Toward
this end, we have described experiments and numerical simula-
tions to understand better the motion of cold atoms under the
influence of forces from GM fields within a PCW, external illumi-
nation with light transverse to the PCW axis, and CP interactions
at the surfaces of the PCW. In particular, a moving optical lattice
has been used to transport cold atoms to the surfaces and vacuum
spaces of a nanoscopic PCW. By way of synchronous detection of
the passing optical lattice and EM transmission spectra, we find
rich phenomenology related to temporal and spatial variations
of AC Stark shifts, radiative absorption from and emission into
GMs, and (vacuum) surface forces, all of which strongly affect
atomic motion.
In addition to empirical characterization of the resulting phe-
nomena, we have carried out extensive numerical simulations in
an attempt to achieve effective modeling tools with quantitative
prediction capabilities, as well as provide physical insight. Ini-
tial validation of the simulations has been made by way of direct
comparisons of simulated and measured clocked transmission
spectra and reasonable correspondence has been achieved. By
way of our simulations, we can then infer underlying character-
istics of atomic motion and internal fields and, to some modest
degree, control atomic dynamics within and near the PCW (e.g.,
maximizing the number of atoms that pass through the central
vacuum gap of the PCW and providing operational signatures
manifest in the associated clocked spectra).
Understanding the interplay of forces from GM traps, mov-
ing optical lattices, and surfaces of the APCW on the motion of
atoms constitutes a significant step toward GM trapping of arrays
of atoms within unit cells along the PCW. Under current experi-
mental conditions, we estimate '2 atoms per pancake delivered
to the vacuum gap of the APCW. Since each experiment cycle
delivers∼1,800 pancakes, a modest trap transfer efficiency of 2%
leads to ∼70 successful trapping events per cycle. Observations
of single and collective radiative phenomena would then become
possible in this engineered photonic environment, as described
theoretically in refs. 1, 4, 5, and 55.
Throughout this paper, we have treated the atoms as classi-
cal point particles without interactions. Surely, at densities of
1012 atoms/cm3, encountered around and within the APCW,
these assumptions are no longer completely valid and a richer set
of atomic interactions is accessible. Future experiments should
investigate more carefully density-dependent effects, including
inelastic hyperfine changing collisions and light-assisted colli-
sions, which are critical for loading free-space optical tweezers
(56, 57).
Moreover, we have ignored the wave character of the atoms
(e.g., at vlattice = 0.51 m/s the deBroglie wavelength λdB' 6 nm).
However, as the atomic velocity is reduced during cooling and
trapping, λdB can become comparable to the dimensions of the
vacuum spaces in the APCW (e.g., at 10 µK, vatom = 0.03 m/s, and
λdB' 100 nm). In this regime, novel physics might be manifest as
we arc back to the beginning of atom interactions with periodic
nanostructures (23, 58).
Aside from trapping atoms in these nanostructures one can
imagine specifically designed experiments tailored toward more
precise measurements of CP forces at dielectrics surfaces. The
ubiquity of the lattice delivery method does not require a struc-
ture as complicated as the APCW and in fact a more simple
structure would ease the transition of our 2D simulations to a
full 3D simulation model.
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